The concentration of CO 2 in the atmosphere is expected to double by the end of the century. Experiments have shown that this will have important effects on the physiology and ecology of photosynthetic organisms, but it is still unclear if elevated CO 2 will elicit an evolutionary response in primary producers that causes changes in physiological and ecological attributes. In this study, we cultured lines of seven species of freshwater phytoplankton from three major groups at current (approx. 380 ppm CO 2 ) and predicted future conditions (1000 ppm CO 2 ) for over 750 generations. We grew the phytoplankton under three culture regimes: nutrient-replete liquid medium, nutrient-poor liquid medium and solid agar medium. We then performed reciprocal transplant assays to test for specific adaptation to elevated CO 2 in these lines. We found no evidence for evolutionary change. We conclude that the physiology of carbon utilization may be conserved in natural freshwater phytoplankton communities experiencing rising atmospheric CO 2 levels, without substantial evolutionary change.
Introduction (a) The response of primary producers to rising CO 2
The concentration of CO 2 in the atmosphere is expected to reach levels between 700 and 1000 ppm by the end of the century [1] . The physiological response, from altered stoichiometry to increased whole-plant growth, is well documented in all major groups of plants [2, 3] . Differences between plant taxa in their physiological response to CO 2 are likely to lead to altered community composition [4] . Experiments with plants have even detected differences among genotypes within a species with respect to their response to elevated CO 2 [4, 5] . The presence of genotypic variance in the response to elevated CO 2 suggests that populations are likely to adapt to elevated CO 2 through the sorting of standing genetic variation within populations, which could be expanded by new beneficial mutations. This evolutionary response may alter the physiological response of species to future CO 2 levels. Moreover, if species evolve to rising CO 2 at different rates, evolutionary changes may alter the course of ecological shifts in species composition. Thus, the evolutionary response of populations may affect species and communities, and thereby the properties of whole ecosystems.
Despite the potential importance of evolutionary change in response to elevated CO 2 , it has rarely been investigated [4] . Experiments using reciprocal transplantation after selection at elevated CO 2 are the clearest way of demonstrating an evolutionary response [6] , but few have been reported for elevated CO 2 [7] [8] [9] [10] [11] . Some reciprocal transplant experiments in plants have shown adaptation to CO 2 concentration below current levels, but they have consistently failed to detect specific adaptation to elevated CO 2 [8, 9] . The only study of land plants that has shown an effect of high CO 2 across generations was a single-generation reciprocal transplant experiment that was not capable of distinguishing between maternal effects and genetic change [7] .
The few selection experiments on land plants that have been reported were limited to very short time scales (only a dozen generations of selection at most) and involved very small populations (fewer than 100 individuals per population [4] ). These conditions greatly restrict the potential for an adaptive response [12] . In these conditions, an evolutionary response would be detected only if a genotype with a large selective advantage at elevated CO 2 were already segregating at high frequency in the population.
Selection experiments extending over hundreds of generations with effective population sizes of more than a million individuals are feasible in microbial systems. There has been comparatively little work on phytoplankton, even though photosynthetic microbes make roughly the same contribution as land plants to the global carbon cycle [13] . This neglect may be rooted in the general belief that most phytoplankton systems are not limited by carbon supply. This assumption is challenged by the presence of inducible carbon concentration mechanisms (CCMs), which increase the local concentration of CO 2 around RuBisCo in the chloroplast when the external concentration is low [14] . Moreover, there is a growing body of evidence that enrichment with CO 2 increases productivity in a diversity of aquatic systems [15] [16] [17] . We are gaining a growing understanding of the growth response of phytoplankton to CO 2 , including the effect of nutrient availability and the physiological mechanism underlying it [18, 19] . Experiments have shown that species and groups differ in their response to elevated CO 2 , leading to changes in community dynamics when CO 2 concentration is increased [20 -22] .
Despite the importance of phytoplankton in carbon cycles and food chains, and the growing evidence of phytoplankton sensitivity to atmospheric CO 2 concentrations, only two selection experiments have been reported. Long-term experiments with the unicellular chlorophyte Chlamydomonas reinhardtii failed to show any specific adaptation to elevated CO 2 [10] . Some lines evolved higher rates of photosynthesis, but these were offset by photorespiration and carbon leakage from the cell [23] . Some high-CO 2 selection lines grew slowly at ambient CO 2 concentration, as do natural populations of soil algae collected from CO 2 springs [23] . Further experiments suggest that the evolution of strains differing in their response to elevated CO 2 is constrained by competition with other strains [24] . The coccolithophore Emiliania huxleyi is detrimentally affected by elevated CO 2 , which impedes formation of the calcium carbonate scales that cover the cell surface. Long-term selection of this species under elevated CO 2 yielded cells with enhanced calcification at the low pH caused by the treatment [11, 25] .
A general prediction of how elevated CO 2 will affect primary productivity requires understanding the evolutionary response of phytoplankton groups with different histories and physiological attributes. We have measured the evolutionary response of seven species of phytoplankton from three major groups, all of which benefit to different extents from the rise in atmospheric CO 2 [22] . They were cultured in growth regimes differing in how the atmospheric concentration affected the CO 2 concentration experienced by the organisms (directly or through diffusion into liquid) and in the expected constraints on growth (low and elevated nutrients). We cultured these species for between 750 and 1050 generations at ambient and elevated CO 2 concentrations in all culture regimes before measuring their growth in reciprocal transplant assays so as to identify any specific genetic adaptation to elevated CO 2 .
(b) Mechanisms of evolutionary response to elevated CO 2
The direct response to elevated CO 2 is specific adaptation to the new environment. The hypothesis that photosynthetic organisms may adapt specifically to elevated CO 2 would be supported by reports of differences between genotypes in CO 2 response. Under elevated CO 2 , carbon is no longer limiting for growth. The increased growth made possible by greater carbon availability will increase the demand for other nutrients and light. Genotypes with mutations conferring increased uptake of resources other than CO 2 , or reduced needs for these resources, would be at a selective advantage. Such phenotypes contribute to the physiological response to elevated CO 2 , including increased quantum yield, and thereby enhanced light use efficiency [18] . The mean fitness of the population selected at elevated CO 2 would increase as these types spread (figure 1a). The indirect antagonistic response to elevated CO 2 is the impairment of growth at ambient CO 2 . This might be caused by the accumulation of mutations that are neutral at elevated CO 2 but harmful at ambient CO 2 . Growth is partly limited by carbon availability at ambient CO 2 , as shown by the increased growth of many photosynthetic organisms at elevated CO 2 . There is thus selective pressure to increase the carbon supply rate through CCMs and to use fixed carbon efficiently. Elevated CO 2 leads to downregulation of genes governing the CCM [18] , and the increased availability of CO 2 might relax or eliminate the selective pressure on the maintenance of CCMs. Conditionally deleterious mutations in genes regulating carbon uptake and efficient use would accumulate at elevated CO 2 , an evolutionary response we can readily detect in our reciprocal transplant assay: lines selected at elevated CO 2 will have reduced growth, relative to controls maintained at ambient CO 2 , when grown in ambient CO 2 (figure 1b). Collins & Bell [10] postulated that this mechanism explains the results of their long-term selection experiment in which two of ten elevated CO 2 lines could not grow at ambient CO 2 concentrations. The accumulation of conditionally deleterious mutations would be harder to detect in diploid species as a functional allele could mask the effect of a deleterious allele in the same organism. Similar results to those expected from the accumulation of conditional deleterious mutations could also be obtained if ambient selection lines became better adapted to ambient CO 2 conditions, but we assume that the ancestral populations are optimally adapted to current conditions. The antagonistic indirect response, or specific adaptation with trade-offs, might instead arise because alleles have different effects at ambient and elevated CO 2 . Carbon uptake, and the uptake and use of other nutrients, may be functionally antagonistic in such a way that relaxed selection for carbon uptake at elevated CO 2 would lead to selection for the alteration of other physiological traits. If these traits had been optimized in the ancestral population, adaptation to elevated CO 2 would be accompanied by reduced fitness at ambient CO 2 (figure 1c). A combination of conditionally deleterious mutations and specific adaptation would lead to a similar outcome.
Finally, selection lines might adapt to some general feature of the culture environment independent of the CO 2 treatment, such as temperature or light level. The treatment and control lines would then both respond in the same way rspb.royalsocietypublishing.org Proc R Soc B 280: 20122598 to elevated CO 2 (figure 1d; note that this figure could equally be drawn with the ambient lines uppermost).
Material and methods (a) Selection experiments
We set up a selection experiment with three major groups of freshwater phytoplankton: cyanobacteria, diatoms and chlorophytes. We chose two species of different growth form or size, where possible, as representatives of each group (Canadian Phycological Culture Centre number is given in brackets). The species were the cyanobacteria (haploid) Synechococcus leopoliensis (102) and Anabaena variabilis (105), the diatoms (diploid) Navicula pelliculosa (552) and Nitzschia palea (160), and the chlorophytes (haploid) Pseudokirchneriella subcapitata (37) and Scenedesmus acutus (10). To allow for comparison with previous studies of adaptation to elevated CO 2 in phytoplankton, Chlamydomonas reinhardtii (haploid; Chlamydomonas Centre no. 2936 [26] ) was included in the experiment.
We propagated a treatment set of three axenic (i.e. free from living organisms other than the organism of interest) selection lines of each species in atmospheres with 1000 ppm of CO 2 . We maintained a control set of three replicate axenic lines per species at ambient CO 2 levels (375-400 ppm) throughout the experiment.
Cultures were grown under 100 mE m -2 s 21 of continuous light at 258C in growth chambers at the McGill University Phytotron, using the WMA-4 CO 2 analyser (PP Systems Inc.) to control CO 2 . We used modified Bold's Basal Medium (BBM) with pH adjusted to 7 using HCl , supplemented with silicate (0.58 g l 21 Na 2 SiO 3 ) and vitamins (2 ml l 21 of the vitamin mix from F/2 Medium; for further information on the medium and references see [22] ). We allowed the medium to equilibrate with chamber air for 5 days before inoculation. BBM is devoid of carbon, making CO 2 the sole available carbon source. For liquid culture, the medium was buffered against changes in pH using HEPES buffer (4.766 g l 21 ) in 125 ml glass flasks. Cultures were continuously shaken at 250 r.p.m. with a 3 mm rotation diameter. An inoculum of 500 ml was transferred to 50 ml fresh medium after at each transfer. The cultures were not bubbled.
Three culture regimes were devised to modulate the availability of CO 2 and limitation by other mineral nutrients.
(i) Regime 1
Nutrient-replete medium (undiluted modified BBM) with long transfer cycles of 5 days. In this regime, the CO 2 concentration of the elevated treatment increased gradually, rising over 20 transfers and about 100 generations from ambient levels to 1000 ppm (less than 7 ppm per generation). This regime was maintained for over 1050 generations (160 transfers over 800 days).
(ii) Regime 2 Nutrient-poor medium (10% BBM) with short transfer cycles of 3 days. In this regime, elevated lines were directly exposed to 1000 ppm. This regime was maintained for over 750 generations (118 transfers over 413 days), with the exception of Navicula which was maintained for 340 generations (53 transfers over 184 days) owing to initial poor growth in diluted medium.
(iii) Regime 3
Nutrient-replete solid medium (undiluted BBM with 2.5 g l 21 agar and no HEPES) with short transfer cycles of 3 days. The added agar is not a source of available carbon. As in regime 2, elevated lines were directly exposed to 1000 ppm. Less than 1 per cent of the grown culture was transferred to a new agar plate flooded with 0.5 ml of undiluted BBM at each transfer. A single species of each group followed this regime (the cyanobacterium Synechococcus leopoliensis, the diatom Navicula pelliculosa and rspb.royalsocietypublishing.org Proc R Soc B 280: 20122598 the chlorophyte Pseudokirchneriella subcapitata). This regime was maintained for over 750 generations (118 transfers over 413 days).
(b) Dissolved CO 2 measurement and other physical parameters
Aqueous CO 2 was measured in the final transfer in each regime. A 30 ml sample of culture was vigorously shaken with 30 ml of air lacking CO 2 (using Sofnolime indicator by Molecular Products Inc.). The equilibrated air sample was injected through a hydrophobic 0.2 mm filter into an infrared gas analyser (IRGA, EGM-4 by PP-Systems Inc.) that was set up for static sampling.
Measurements of salinity and temperature were made with a YSI-63 probe (YSI Inc.). Aqueous CO 2 concentrations were calculated from the measure of CO 2 in the equilibrated CO 2 samples, adjusted for temperature and salinity, using methods provided by Yves Prairie, Biology Department, Université du Québec à Montréal [27] . These values were comparable with values calculated from the method provided by E. Lewis, Atmospheric Sciences Division, Brookhaven National Laboratory [28] .
(c) Assay of growth by reciprocal transplant experiments
We conducted reciprocal transplants at intervals during the selection experiments; only the final assays are described here, but all gave similar results. The growth of lines with histories of ambient and elevated CO 2 was measured at both ambient and elevated CO 2 assay concentrations simultaneously. We used samples from each selection line to inoculate two cultures, one for each assay environment. All lines were tested in liquid cultures, as growth could not be measured accurately on solid medium. One culture was grown at elevated CO 2 , while the other culture was grown at ambient CO 2 . These cultures were allowed to acclimate to the CO 2 environment for one transfer cycle to remove any potential non-evolutionary effect carried over from the selection line (e.g. the nutrient status of cells in the inoculum). The assay cultures whose growth was measured were inoculated from each of these acclimated cultures. Reciprocal transplants were conducted both in flasks and in 48-well microplates (Costar plates by Corning Inc.) sealed with highly permeable membrane (Aeraseal by Excel Scientific Inc.). Growth in microplates allowed for an increased measurement rate. For microplates, 10 ml was used to inoculate 1 ml culture volume (1%, same as for flasks). Only the results of the microplate transplants are presented here; results from flask culture were similar. Absorbance through time was measured throughout the duration of growth (10 -12 days) using an optical plate reader (Synergy-HT, BioTek, Winooski, VT).
(d) Analysis
All analyses and curve-fitting were conducted using the R statistical package [29] . All data and analysis scripts are available in the electronic supplementary material. Logistic growth
was fitted using bounded maximum-likelihood estimation assuming normality of error with Simplex/Nelder-Mead optimization (optim) to estimate the limiting growth rate (r) and limiting density (K ).
Specific adaptation to an environment, the accumulation of conditionally deleterious mutations owing to the relaxation of a stress, or both together, would lead to an interaction between the selection environment and the assay environment (figure 1a-c) [6] . Thus, to test for the presence of an evolutionary response, we focused on the interaction term containing selection and assay environment in ANOVAs conducted on growth parameters (r and K). Selection lines (A-F) are nested within selection history. We used a repeated-measures analysis, because a given line is tested in both CO 2 
We shall report on estimates of the limiting growth rate, r (the estimates of K are reported in the electronic supplementary material and lead to the same conclusions). This parameter is the most important determinant of fitness, as cultures were transferred during the exponential growth phase in all regimes. The estimates we shall use are those for the last reciprocal transplant for each regime. This is the transplant for which lines had the most time to adapt to the treatment conditions. The same conclusions were obtained from all previous transplants (results available in the electronic supplementary material). Thus, our measure of fitness is based on growth in pure culture, not growth in competition.
Results
(a) Dissolved CO 2 measurement and other physical parameters
At inoculation, all media were in equilibrium with treatment levels of CO 2 (ambient approx. 380 ppm, elevated 1000 ppm).
In liquid cultures, however, the biological uptake of CO 2 exceeded the maximum flux of CO 2 through the stopper and through the air -liquid interface, despite thorough mixing. This caused CO 2 concentration in the headspace and the aqueous CO 2 concentrations to decrease during the transfer cycle. However, CO 2 treatments remained different throughout the transfer cycle (for regime 1, ANOVA, F 1,24 ¼ 6.70, p ¼ 0.016, average 51 ppm in the control culture and 72 ppm in the elevated CO 2 cultures, Chlamydomonas was not measured; for regime 2, ANOVA, F 1,28 ¼ 771.31, p , 0.0001, average 131 ppm in the control culture and 626 ppm in the elevated CO 2 cultures; only Anabaena decreased CO 2 to equal levels across treatments in regime 2; figures provided in the electronic supplementary material).
Drawdown-the amount of CO 2 being taken up by phytoplankton from the medium and air-is related to the amount of growth and photosynthesis in each culture. Species differed in growth and their growth was also greatly affected by culture regime (figure 2). Culture regimes thus differed in their drawdown. In culture regime 1, with strong growth permitted by high nutrient availability, CO 2 uptake by the phytoplankton was much higher than the influx into the media resulting in a steeper decline in aqueous CO 2 concentration across all treatments and species (average final concentration was 13.4% of initial concentration in ambient and 7.1% in elevated). In regime 2, where growth was more strongly limited by nutrient availability, the decline was lower (average final concentration was 34.4% of initial concentration in ambient and 62.9% in elevated). The regimes were thus effectively distinct environments to test for the evolutionary effect of elevated atmospheric CO 2 .
Species differed in their drawdown of CO 2 in both liquid regimes, however; Anabaena stood out with the highest drawdown in both regimes (see the electronic supplementary material, figures S1 -S4). Anabaena may be less nutrient-limited owing to its ability to fix nitrogen.
The buffering was effective: pH rose marginally during transfer cycles and differed significantly with treatment (ambient compared with elevated) only in regime 2, which had a lower buffer concentration (ANOVA, F 1,61 ¼ 5.20, p , 0.0001; pH 7.11 in control cultures and pH 7.03 in elevated treatment cultures). The lower pH in the elevated-CO 2 cultures would rspb.royalsocietypublishing.org Proc R Soc B 280: 20122598 lead to a greater CO 2 availability in the elevated CO 2 conditions, increasing the effect of this treatment.
There was no liquid phase in the solid culture, and we presume that chamber CO 2 concentrations are representative of CO 2 available to cultures and individual cells.
(b) Overall effect of elevated CO 2 on growth
In all regimes, elevated CO 2 increased growth rate (figure 2). This effect was strongest in regime 1, in which elevated CO 2 almost doubled growth rates (average increase by a factor of 1.90; ANOVA, F 1,6 . 13, p , 0.02). Effects were smaller but generally remained significant in regimes 2 and 3. In regime 2, the average increase was 1.56; the estimate was not significantly different from 1.00 for diatoms, Chlamydomonas and Scenedesmus (ANOVA, F 1,6 , 6.44, p . 0.064), but was significant for all other species in both regimes (ANOVA, F 1,6 . 13.74, p , 0.021). In regime 3, the average factor of increase was 1.403, which was significant for all species (ANOVA, F 1,6 . 7.84, p , 0.049).
(c) Evolutionary response to elevated CO 2
No evolutionary response was detected in any of our regimes in any of our assays. Any general evolutionary response is reflected by the main effect of selection environment (figure 1d). This was not consistent across species and was generally not significant, showing that there was no predictable divergence between ambient and high-CO 2 lines (figure 2). For regime 1, the ANOVA main effect had F 1,4 , 6.31, p . 0.07. For regime 2, the main effect was significant only for Chlamydomonas, (ANOVA, F 1,4 ¼ 8.06, p ¼ 0.0469; all others, F 1,4 , 4.82, p . 0.0932). For regime 3, the main effect had F 1,4 , 4.90, p . 0.0912. Specific adaptation to CO 2 concentration is reflected by the interaction of assay and selection ( figure 1a-c) . This was also non-significant for all regimes (figure 2; ANOVA interaction term, regime 1, F 1,6 , 1.82, p . 0.24; regime 2, F 1,6 , 2.25, p . 0.21; regime 3, F 1,6 , 6.01, p . 0.070). No consistent trend could be found in any of our transplant assays for any of the three culture regimes in any of the seven species.
Discussion
Despite long-term selection with a relatively large population, we failed to detect any form of evolutionary response to CO 2 by any of our species in any of the test conditions. We discuss this result in the light of the effectiveness of the CO 2 treatment imposed, the lack of specific adaptation and the lack of accumulation of conditionally deleterious mutations. We shall then compare our system of experimental evolution with other experimental systems in which evolution was detected and with what we expect to happen in natural phytoplankton assemblages.
(a) Effectiveness of CO 2 treatment
The atmospheric CO 2 concentrations that we imposed as treatments in our growth chambers were found in the media surrounding the phytoplankton cells at inoculation; however, these treatment levels in the media were not maintained throughout the growth cycle (in regimes 1 and 2). This was due to rapid uptake by phytoplankton of CO 2 from the medium. CO 2 concentrations in the medium, however, were at treatment levels during the initial phase of growth and were consistently different, representative of the high versus low CO 2 conditions we sought to establish in our cultures throughout the growth cycle (figure 2; Anabaena in regime 2 is an exception). Comparable falls in CO 2 concentrations have been reported in large-scale marine mesocosm studies, with CO 2 concentration in elevated CO 2 mesocosms falling to half the treatment concentration of 1000 ppm [30] . In natural marine systems under current CO 2 concentrations, algal blooms can reduce CO 2 concentration by over 90 ppm [31] . In freshwater systems, phytoplankton can completely deplete dissolved CO 2 concentrations [32, 33] . The contrast between high and low CO 2 treatments was more pronounced under regime 2 (low nutrients) than regime 1, reflecting the lesser capability of nutrient limited cultures to reduce aqueous CO 2 concentrations. We conclude that our ambient versus elevated treatments provided environments that differ both in flux of CO 2 through the cultures and in aqueous CO 2 rspb.royalsocietypublishing.org Proc R Soc B 280: 20122598 concentrations around the cells, so that our phytoplankton populations could be expected, in principle, to evolve specific adaptations to elevated CO 2 . The lack of an evolutionary response in this experiment does not preclude the possibility of specific adaptation arising in conditions where CO 2 concentrations are much higher or are artificially maintained at the treatment level, as in experiments using bubbling.
The difference in CO 2 availability between treatments affected the growth of all species and major groups, showing that carbon is a limiting resource in our system (figure 2), and consequently that the capacity to take up CO 2 and use it more efficiently is potentially exposed to selection at ambient CO 2 concentrations. Our findings are consistent with previous reports that CO 2 availability can limit phytoplankton productivity in a wide range of conditions, including nutrientreplete freshwater cultures [16] and nutrient-poor oceans [15] .
(b) Lack of specific adaptation
We cultured seven phytoplankton species at elevated CO 2 ; the species differed substantially in their ancestry, physiology and ability to assimilate CO 2 , and were cultured in three different regimes that affected the availability of CO 2 . We were unable to detect evolutionary adaptation in any combination of species and culture regime: in no case did elevated CO 2 lines have consistently higher growth than ambient lines at elevated CO 2 . We were unable to perform competitive assays as we do not have genetically marked strains in these non-model organisms, but we have no reason to suppose that competition between genotypes would depend on anything other than differential growth. Our results are consistent with other investigations into adaptation to elevated CO 2 in plants (reviewed in [4] ).
In lines maintained in liquid culture (regimes 1 and 2), where CO 2 concentration fell during the transfer cycle, selection would have favoured types capable of higher peak CO 2 uptake rates at peak CO 2 concentrations. The change in selection pressure through the transfer cycle associated with changes in CO 2 availability might retard the process of adaptation to directional change in CO 2 concentrations [34] . The potential for specific adaptation was greatest in regime 3, where CO 2 concentrations were maintained at treatment level throughout the transfer cycle. Growth as a biofilm may cause local CO 2 depletion, however, and decrease flux [35] . In these lines, specific adaptation to CO 2 could have arisen through peak CO 2 uptake or through mechanisms to minimize the barrier to CO 2 in biofilms. Phytoplankton in these cultures was selected in environments similar to that of photosynthetically active cells in land plants. The lack of adaptation in these cultures may suggest that direct adaptation to CO 2 conditions may not arise in phytoplankton or land plants, and that evolutionary changes under rising CO 2 may occur through indirect consequences, such as acidification for phytoplankton and decreased water loss in land plants.
It is unusual for selection experiments to fail as comprehensively as ours. Mutations that confer specific adaptation to elevated CO 2 must be correspondingly scarce. The number of divisions occurring in each cycle in each line is approximately equal to the final number of cells, so that a conservative figure for cell density of 10 6 ml 21 leads to a rule-of-thumb estimate of 7 (species) Â 3 (replicate lines per species) Â 3 (culture regimes) Â 50 ml (culture volume) Â 10 6 (cells ml 21 ) Â 100
(transfer cycles) % 3 Â 10 11 divisions during which a beneficial mutation might have occurred. Many new beneficial mutations will be lost soon after appearing, through demographic stochasticity or dilution at transfer. The probability of fixation is proportional to the selection coefficient and the dilution rate [36] ; for a modest selection coefficient of 0.05 and a dilution rate of 0.01 the probability of fixation is about 0.02 (it is higher for mutations of larger effect). in Streptococcus [38] ). As a broad general rule, the overall rate of mutation is about 3 Â 10 23 per genome per DNA replication, independent of genome size [39] , implying that the fraction of all mutations that are beneficial under elevated CO 2 conditions in phytoplankton is less than about 10
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. This is much less than estimates of 0.13 for yeast [40] and 0.027 for Pseudomonas [41] in permissive conditions. Comparable estimates for viruses are 0.07 for a chimaeric RNA vesicular stomatitis virus (VSV) in permissive conditions [42] , 0.0009 for VSV adapting to a new host cell type [43] and 0.0034 for phage wX174 adapting to high temperature [44] . Further experimental evolution studies focusing on a diversity of phytoplankton, which may have been neglected by experimental evolutionary biologists [45] , would be required to understand patterns of adaptive potential across species for a diversity of conditions. However, it seems likely that contemporary phytoplankton species are almost perfectly adapted for photosynthesis over a broad range of conditions close to contemporary values with little if any room for improvement. In natural phytoplankton assemblages, the standing genetic variance may be far larger than in our axenic laboratory cultures, which were started from a single clone. It is true that, 50 million years ago, phytoplankton encountered atmospheric CO 2 concentrations similar to the predicted conditions (1000 ppm), but they have not encountered such atmospheric conditions for at least 500 000 years [12, 13] . It is thus conceivable (but unlikely) that genotypes adapted to these ancestral conditions are still present in contemporary populations. It is also possible that mutations conferring higher fitness in these conditions are found in contemporary organisms. Thus, adaptation to elevated CO 2 concentrations cannot be ruled out in nature, but if it occurs at all it will involve very rare genotypes or very rare beneficial mutations that are unlikely to be observed in laboratory studies.
(c) Lack of accumulation of conditionally deleterious mutations
The accumulation of conditionally deleterious mutations is the only evolutionary response specific to CO 2 concentrations (as opposed to adaptation to pH changes) for which there is experimental evidence at present [10] . Our experiment failed to elicit such a response either in diploid (diatoms) or in haploid species (chlorophytes and cyanobacteria), in which we would be more likely to detect this phenomenon. This may be attributable to the culture conditions we used. Most phytoplankton CO 2 perturbation experiments so far reported, and both long-term selection experiments [10, 11] , have been conducted by bubbling the media with air having a controlled concentration of CO 2 . Bubbling creates an aqueous environment rspb.royalsocietypublishing.org Proc R Soc B 280: 20122598 in constant equilibrium with the atmosphere. Furthermore, bubbling provides a far greater CO 2 flux than would be available even in a well-aerated natural system. Thus, these experiments maximize the potential for the accumulation of conditionally deleterious mutations for carbon uptake and use mechanisms by maximizing the availability of CO 2 . In our liquid cultures, on the other hand, CO 2 concentration was drawn down by algal growth so that all liquid lines were exposed to relatively low levels of aqueous CO 2 , reducing the potential to detect the accumulation of conditionally deleterious mutations in genes affecting carbon uptake. There are few situations where natural water is in equilibrium with the atmosphere; that is, where it is neither a source nor a sink. Relative saturation with CO 2 is strongly affected by biological activity, which can deplete CO 2 by photosynthesis or produce CO 2 by respiration. Freshwater systems tend to be supersaturated with CO 2 produced by bacterial respiration [46] , with a large portion of primary productivity being attributable to this supersaturation [47] . Many populations of freshwater phytoplankton may thus already experience chronically elevated CO 2 . In the oceans, relative saturation varies over time and space [48] , with strong local decreases caused by blooming [49, 50] . The availability of CO 2 for phytoplankton is further modified by factors including pH, ionic strength and temperature [51] . It is thus expected that even in a future atmosphere with elevated CO 2 , marine phytoplankton would periodically face low-CO 2 conditions comparable with the endpoint in our experiment. Hence, the accumulation of conditionally deleterious mutations depends on the local availability of carbon and will not necessarily occur as a general response to global increases in CO 2 concentration [35] .
(d) Adaptation to elevated nutrients, including CO 2
For most phytoplankton, with the notable exception of calcifying phytoplankton [11] , increasing CO 2 to high but not extreme values (less than 1%) is not expected to have an adverse effect on growth. In the absence of acidification, even calcifying organisms would be expected to benefit from an increase in the availability of CO 2 . Adaptation to acidification would represent an evolutionary response to stress, whereas adaptation to elevated CO 2 would represent an evolutionary response to fertilization. In this case, we were unable to identify an evolutionary response to fertilization.
More broadly, adaptation has usually been investigated as a response to stress rather than to fertilization. Bacteria cultured for thousands of generations with sugars such as lactose or glucose as a source of carbon and energy readily evolve higher fitness [52, 53] , often through loss-of-function mutations in genes regulating transport [54] . It is not clear, however, whether there is a specific adaptation to high-sugar conditions as opposed to low-sugar conditions.
There has been great interest in the physiological response of plants and phytoplankton to non-toxic nutrient enrichment [55 -57] , including elevated CO 2 [2] , but there have been few, if any, convincing studies of specific adaptation to fertilization. In the long-term Park Grass Experiment at Rothamsted, the vegetation has been treated with different levels of fertilization for over 150 years. The physiological differences between populations of Anthoxanthum odoratum L. exposed to different treatments have been investigated through a modified reciprocal transplant experiment [58 -60] . Populations occupying sites enriched for a given nutrient are more responsive to high levels of that nutrient in some cases, although not in all. However, these studies investigate the physiological response of plants directly extracted from the treatment population-a single-generation transplant that may carry maternal effects-and thus do not provide an unambiguous test of adaptation. New cultivars of crop plants may be selected for their responsiveness to higher inputs of fertilizers, and this provides evidence for specific adaptation through artificial selection. Comparisons of the yield of obsolete and modern cultivars of maize have shown that modern cultivars have greater yield under modern high-input management regimes, but they retain most of this advantage under the low-input regimes of the past [61] . In brief, experimental evolution, long-term field experiments and artificial selection experiments have all so far failed to provide unequivocal examples of specific adaptation to improved conditions of growth. Our failure to detect specific adaptation by phytoplankton to elevated CO 2 may be only one example of a general tendency.
It has been argued that rapid evolutionary change may alter the ecological attributes of species, so that predicting changes in populations or communities requires understanding their combined eco-evolutionary dynamics. In many cases, this point of view offers a novel perspective on ecological processes. For the case of elevated CO 2 in freshwater, however, there is good evidence that little or no evolutionary change will occur in the short term, so that ecological predictions can be made assuming that current ecological attributes are likely to remain stable.
(e) Data and analysis scripts
Data and analysis scripts are available at datadryad.org.
